The 16S rRNA gene V1-V2 sequences from healthy and MS subjects analyzed in the present study were deposited in DDBJ with accession numbers DRA000672, DRA000673, DRA000675, DRA000676, DRA000678-DRA000684, DRA002866-DRA002874 for 20 MS patients, and DRA002875-DRA002906 for 20 healthy subjects. The accession numbers for the 16S sequences of the additional 18 healthy subjects (HC18) including eight subjects from the HC40 sample were were deposited in DDBJ with accession numbers DRA000869-DRA000886.

Introduction {#sec001}
============

The incidence of multiple sclerosis (MS), an inflammatory disease of the central nervous system, is increasing in developed countries \[[@pone.0137429.ref001],[@pone.0137429.ref002]\]. The predominance of MS-associated single nucleotide polymorphisms in genes involved in cellular immune responses and the efficacy of immune-targeted therapy in MS have indicated that it is a T cell-mediated autoimmune disease. Although \>100 single nucleotide polymorphisms are linked with MS susceptibility, it is also influenced by environmental factors such as infection with Epstein-Barr virus, cigarette smoking, and lower exposure to sunlight \[[@pone.0137429.ref003],[@pone.0137429.ref004]\]. However, none of these known risk factors is sufficient to account for the striking increase in the incidence of MS in Asian countries including Japan \[[@pone.0137429.ref002],[@pone.0137429.ref005]\], implying that an additional environmental factor is involved. We have postulated that such an environmental risk could be related to the rapid change in the life style in Asia, particularly westernization \[[@pone.0137429.ref006]\].

Prior studies have conclusively shown that the gut microbiota is an essential factor that influences cellular and humoral components of the intestinal immune system \[[@pone.0137429.ref007]\]. More recently, the relationship between the gut microbiota and systemic immune responses, including autoimmune responses, has garnered considerable attention with regard to the pathogenesis of immune-mediated diseases. Notably, experimental approaches using experimental autoimmune encephalomyelitis (EAE), a rodent MS model, have successfully proven that alterations of the gut microbiota are a potential risk factor for developing autoimmune diseases such as MS. Supportive of this postulate, a study by Yokote *et al*. in 2008 found that alteration of the gut microbiota by oral antibiotic administration reduced the severity of conventional EAE \[[@pone.0137429.ref008]\]. Moreover, by using a T cell receptor transgenic mouse model of EAE, Berer *et al*. demonstrated that EAE-resistant germ-free mice develop EAE spontaneously without any manipulation with adjuvant or pertussis toxin after recolonization with indigenous bacteria or a strain of segmented filamentous bacteria \[[@pone.0137429.ref009],[@pone.0137429.ref010]\]. Restoration of EAE was associated with induction of enteric Th17 cells. In addition to disease-promoting bacteria in the rodent intestine, human gut bacteria that potentially suppress local or systemic inflammation have been identified. Recent studies have shown that *Clostridia* clusters XIVa, IV, and *Bacteroides fragilis* derived from human feces have the potential to induce Foxp3^+^ regulatory T cells (Treg) and are able to suppress inflammatory conditions such as colitis and EAE \[[@pone.0137429.ref011]--[@pone.0137429.ref013]\].

These experiments indicate a role for the indigenous gut microbiota in the pathogenesis of autoimmune diseases, thereby raising the possibility that an altered gut microbiota is an environmental risk factor for MS. Therefore, we compared the gut microbiota of patients with MS and healthy subjects by using a high-throughput culture-independent pyrosequencing method. Bacterial 16S ribosomal RNA (rRNA) gene analysis of DNA isolated from fecal samples revealed the presence of a moderate dysbiosis in the gut microbiota of patients with MS. Moreover, we detected a significant change in the abundance of several taxa, including species belonging to *Clostridia* clusters XIVa and IV, which are known to exhibit anti-inflammatory effects \[[@pone.0137429.ref011]\]. Collectively, the results of the present study suggest a meaningful association between altered gut microbiota and the pathogenesis of MS and may be of relevance to the future development of novel preventive or therapeutic strategies for MS.

Materials & Methods {#sec002}
===================

Subjects {#sec003}
--------

Twenty patients with MS (MS20; aged 36.0 ± 7.2 years, 6 men and 14 women) were recruited at the National Center of Neurology and Psychiatry Hospital ([S1 Table](#pone.0137429.s003){ref-type="supplementary-material"}). Patients with MS that were included in the study fulfilled McDonald's diagnostic criteria and all patients exhibited the relapsing-remitting (RR) phenotype in which inflammation mediated by autoimmune T cells and B cells plays a predominant role \[[@pone.0137429.ref014]\]. Patients with primary or secondary progressive MS accompanying progressive neurodegenerative pathology and other disease complications were excluded to specifically evaluate the association between the RR phenotype of patients with MS and the gut microbiota structure. The fecal samples were collected during remission phase.

In total, 50 volunteers (aged 27.2 ± 9.2 years, 23 men and 27 women) were recruited as healthy controls (HC) at Azabu University ([S2 Table](#pone.0137429.s004){ref-type="supplementary-material"}). None of the subjects was treated with antibiotics during collection of fecal samples. The National Center of Neurology and Psychiatry Ethics Committee, the Hospital Ethics Committee at Juntendo University Hospital, the Human Research Ethics Committee of Azabu University, and the Research Ethics Committee of the University of Tokyo approved the protocol, and written informed consent was obtained from all the subjects.

Fecal sample collection and DNA preparation {#sec004}
-------------------------------------------

In accordance with a previously described method \[[@pone.0137429.ref015]\], freshly collected fecal samples were transported at 4°C to the laboratory in a plastic bag containing a disposable oxygen-absorbing and carbon dioxide-generating agent in which anaerobes sensitive to oxygen can survive. In the laboratory, the fecal samples were suspended in phosphate-buffered saline containing 20% glycerol, immediately frozen using liquid nitrogen, and stored at -80°C until use. Bacterial DNA was isolated and purified from the fecal samples according to the previously described enzymatic lysis method \[[@pone.0137429.ref015]\].

Samples of 40 of the 50 healthy subjects (HC40; aged 28.5 ± 9.8 years) were used for comparison with the MS20 samples to evaluate differences in the overall microbiota structure and to identify bacterial species that differ in abundance between HC40 and MS20 samples. An additional 158 longitudinal samples were obtained from 18 healthy subjects (HC18; aged 21.9 ± 3.1 years) \[[@pone.0137429.ref015]\]. These healthy volunteers, including 10 additionally recruited subjects and 8 subjects from the HC40 cohort, provided fecal samples every 2 weeks ([S2 Table](#pone.0137429.s004){ref-type="supplementary-material"}) \[[@pone.0137429.ref015]\]. Using these longitudinally collected HC18 samples, bacterial species that differed significantly in abundance between HC40 and MS20 samples were further validated and the consistency of these differences in the abundance over time was examined.

Pyrosequencing of the 16S rRNA gene V1-V2 region {#sec005}
------------------------------------------------

The 16S rRNA gene V1-V2 region was amplified by PCR with barcoded 27Fmod (5′-agrgtttgatymtggctcag-3′) and the reverse primer 338R (5′-tgctgcctcccgtaggagt-3′) \[[@pone.0137429.ref015]\]. PCR was performed using 50 μl of 1× Ex Taq PCR buffer composed of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, and 1.5 mM MgCl~2~ in the presence of 250 μM dNTPs, 1 U Ex Taq polymerase (Takara Bio, Kyoto, Japan), forward and reverse primers (0.2 μM), and \~20 ng of template DNA. Thermal cycling was performed in a 9700 PCR System (Life Technologies Japan, Tokyo, Japan) and the cycling conditions were as follows: initial denaturation at 96°C for 2 min, followed by 25 cycles of denaturation at 96°C for 30 s, annealing at 55°C for 45 s, and extension at 72°C for 1 min, and a final extension at 72°C. PCR amplicons were purified using AMPure XP magnetic purification beads (Beckman Coulter Inc., Brea, CA, USA) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies Japan). An equal amount of each PCR amplicon was mixed and subjected to sequencing with the 454 GS FLX Titanium or 454 GS JUNIOR platform (Roche Applied Science, Indianapolis, IN, USA), according to the manufacturer's instructions.

Construction of the full-length 16S rRNA gene database {#sec006}
------------------------------------------------------

A 16S rRNA gene database was constructed from the full-length 16S rRNA gene (FL-16S) sequences updated in the RDP, CORE, and NCBI genome databases as follows. First, high-quality FL-16S sequences were obtained by removing sequences that have \<1,400 bp in length, those that contained ≥4 ambiguous bases, and those that were putatively eukaryotic from the three databases (221,537 sequences in total). These high-quality FL-16S sequences (154,850 sequences) were clustered using USEARCH5 with a 99.8% identity cut-off, resulting in 87,558 groups that consisted of identical or near-identical FL-16S sequences, representing non-redundant FL-16S sequences. The obtained 16S database was used for taxonomic assignment and quantitative mapping of pyrosequencing reads of the 16S rRNA gene V1-V2 region generated from DNA isolated from the fecal samples obtained from healthy subjects and patients with MS.

Analysis of the 16S rRNA gene V1-V2 region {#sec007}
------------------------------------------

The analytical pipeline previously established for pyrosequencing reads of the 16S rRNA gene V1-V2 region (16S reads) was used \[[@pone.0137429.ref015],[@pone.0137429.ref016]\]. In brief, 3,000 high-quality 16S reads, with an average quality value \> 25, were randomly chosen from all filter-passed reads for each sample, and both primer sequences were trimmed. The number of operational taxonomic units (OTUs) for each sample was obtained by clustering the 3,000 16S reads with a 96% identity threshold, and this number was used to evaluate species diversity and richness. The 16S reads were then mapped to FL-16S sequences, based on a similarity search against 87,558 non-redundant FL-16S sequences by using BLAST with ≥96% identity and ≥90% coverage in sequence alignment. The FL-16S sequences mapped by 16S reads were further clustered using USEARCH5 with a 97% identity cut-off to generate clusters of FL-16S equivalent to OTUs at the species level, defined as "rclust" in this study. Taxonomic assignment of 16S reads was performed based on the 97% FL-16S clusters to which they were mapped. Unmapped 16S reads were subjected to conventional clustering by using USEARCH5 with a 96% identity cut-off to obtain the OTUs defined as "unmap_OTUs" and were assigned to a higher-level taxon (i.e., above the species level) based on a similarity search against the 16S database. The number of 16S reads that mapped to each rclust and formed each unmap_OTU was used to estimate the bacterial composition at the species, genus, and phylum levels. The 16S rRNA gene V1-V2 region sequences from healthy subjects and patients with MS that were analyzed in the present study were deposited in DDBJ/GenBank/EMBL with the accession numbers DRA000672, DRA000673, DRA000675, DRA000676, DRA000678--DRA000684, and DRA002866--DRA002874 for 20 patients with MS and DRA002875--DRA002906 for 20 healthy subjects. The accession numbers for the 16S sequences of the additional 18 healthy subjects (HC18) including the 8 subjects from the HC40 cohort were reported previously \[[@pone.0137429.ref015]\].

UniFrac distance analysis {#sec008}
-------------------------

UniFrac distance analysis, a phylogenic tree-based metric, was used to measure differences in the overall bacterial gut microbiota structure \[[@pone.0137429.ref017]\]. Estimated OTU richness for each sample based on the Chao 1 estimator was calculated with the vegan package (v2.0--5) implemented in R (v2.15.2).

Statistical and other analysis {#sec009}
------------------------------

All statistical analyses were conducted with R version 2.15.2. Microbial richness, evenness, and diversity were assessed using the R Vegan package. Welch\'s *t*-test was used for statistical analysis. *P*-values were corrected for multiple testing by using the Benjamini-Hochberg method.

Results {#sec010}
=======

Cluster assignment of 16S pyrosequencing reads by using the FL-16S database {#sec011}
---------------------------------------------------------------------------

Using the 454 GS FLX Titanium platform, we obtained 141,549 (7,080 ± 825 reads per sample) and 303,585 (7,590 ± 616 reads per sample) high-quality 16S reads from DNA isolated from fecal samples obtained from MS20 and HC40 subjects, respectively ([S3](#pone.0137429.s005){ref-type="supplementary-material"} and [S4](#pone.0137429.s006){ref-type="supplementary-material"} Tables). We randomly selected 180,000 reads (3,000 reads per sample) from among the filter-passed reads to analyze species richness and diversity because clustering of excessive 16S reads with an average error rate of approximately 0.5% results in an overestimation of the species number \[[@pone.0137429.ref015]\].

Furthermore, we performed direct BLAST searches of 16S reads against the FL-16S database to determine taxonomic assignments; this method minimized the generation of orphan OTUs often observed in conventional clustering of error-prone 16S reads. The FL-16S database was constructed from publicly available 16S databases including the RDP, CORE, and NCBI genome databases (see [Materials and Methods](#sec002){ref-type="sec"}). We first removed sequences that measured \<1,400 bp in length that may therefore not be full-length (58,823 sequences), those containing ≥4 ambiguous bases (7,377 sequences), and those that were possibly eukaryotic (487 sequences) based on sequences derived from the three databases (221,537 sequences in total) to obtain 154,850 high-quality FL-16S sequences. Then, non-redundant 16S sequences were obtained by clustering the FL-16S sequences using USEARCH5 with a 99.8% identity threshold; identical and near-identical FL-16S sequences were clustered. Finally, our own FL-16S database was constructed, consisting of 87,558 non-redundant FL-16S sequences measuring ≥1,400 bp in length and containing fewer than three unknown bases (N ≤ 3).

When the 180,000 filter-passed reads obtained from MS20 and HC40 samples were subjected to similarity searches using BLAST with ≥96% identity and ≥90% coverage in sequence alignment against the FL-16S database, 163,691 reads (109,891 from HC40 and 53,800 from MS20) were mapped to 9,816 non-redundant FL-16S clusters, and the remaining 16,309 reads (10,109 from HC40 and 6,200 from MS20) were unmapped. These data indicated that approximately 91% of the total 16S reads could be assigned to known species or strains. In addition, the proportion of unmapped reads was 8.4% for HC40 and 10.3% for MS20, respectively, suggesting a slightly higher abundance of unknown bacteria at the species level in MS20 compared to HC40.

The FL-16S sequences mapped by 16S reads were then clustered using USEARCH5 with a 97% identity threshold to generate 760 FL-16S clusters exhibiting species-level similarity. Of the clusters, 659 minor clusters consisting of 16S reads with an average relative abundance of \<0.1% in both HC40 and MS20 samples were excluded from the analysis. Similarly, conventional clustering of the 16,309 unmapped reads with 96% identity generated 1,321 OTUs, of which 1,292 were not subjected to further analysis because the average relative abundance was not \>0.1% in either of the groups. The remaining 29 OTUs for which the average relative abundance was ≥0.1% in either of the groups were further analyzed. Finally, 101 clusters of FL-16S sequences defined as rclust and 29 OTUs defined as unmap_OTUs were used to characterize the gut microbiota of MS20 and HC40 subjects ([S1 Fig](#pone.0137429.s001){ref-type="supplementary-material"}). These clusters included 163,726 reads (109,913 from HC40 and 53,813 from MS20) in total, accounting for about 91% of the total 180,000 reads used.

Comparison of the gut microbiota between patients with MS and healthy subjects {#sec012}
------------------------------------------------------------------------------

The observed mean and Chao1-estimated OTU/species number for MS20 (126.9 and 172.8, respectively) subjects were slightly lower than those for HC40 subjects (129.4 and 184.8, respectively); however, the difference in species number and richness between the groups was not statistically significant ([Fig 1a and 1b](#pone.0137429.g001){ref-type="fig"}). Furthermore, the Shannon index, a metric for evaluating bacterial diversity, was not significantly different between the samples obtained from HC40 (3.39 ± 0.29) and MS20 subjects (3.29 ± 0.46) ([Fig 1c](#pone.0137429.g001){ref-type="fig"}). We then performed UniFrac Principal Coordinate Analysis (PCoA) and UniFrac distance analysis \[[@pone.0137429.ref017]\]. Both unweighted and weighted UniFrac analyses showed a significant difference (*P* \< 0.05) in the overall gut microbiota structure between HC40 and MS20 subjects ([Fig 2a--2d](#pone.0137429.g002){ref-type="fig"}). The data also revealed significantly higher inter-individual variability in the gut microbiota of MS20 subjects compared to HC40 subjects.

![OTU/species diversity and richness in gut microbiota of HC40 and MS20 subjects.\
(a) Number of operational taxonomic units (OTUs) generated by clustering of 3,000 16S reads of gut microbiota samples from 40 healthy control subjects (HC40) and 20 patients with multiple sclerosis (MS20). (b) Estimated OTU numbers obtained from Chao1 extrapolation of the observed OTU numbers shown in (a). (c) Shannon index calculated from the observed OTU numbers. The vertical axes indicate the numbers of OTUs (a, b) and the Shannon index (c). Each box plot represents median, interquartile range, minimum, and maximum values.](pone.0137429.g001){#pone.0137429.g001}

![UniFrac Principal Coordinate (PCoA) and UniFrac distance analyses for HC40 and MS20 subjects.\
(a, c) Open and closed circles indicate individual subjects from HC40 and MS20, respectively. (a) The two components of the unweighted PCoA plot explained 6.96% and 4.30% of the variance. ANOSIM statistic, *R* = 0.239, *P* ≤ 0.0009. (b) Mean unweighted UniFrac distances for HC-HC, HC-MS, and MS-MS subjects. (c) The two components of the weighted PCoA plot explained 18.44% and 9.86% of the variance. ANOSIM statistic, *R* = 0.208, *P* ≤ 0.002. (d) Mean weighted UniFrac distances for HC-HC, HC-MS, and MS-MS subjects. (b, d) Error bars represent standard deviations of the UniFrac distances between samples. \**P* ≤ 0.05.](pone.0137429.g002){#pone.0137429.g002}

To identify the bacterial species that exhibited significant differences in abundance between MS20 and HC40 samples, we analyzed the bacterial composition at various taxonomic levels. Taxonomic assignment at the phylum level indicated that the gut microbiota in both MS20 and HC40 subjects consisted of four major phyla, *Firmicutes*, *Bacteroidetes*, *Actinobacteria*, and *Proteobacteria*. Based on a comparative analysis, species belonging to *Actinobacteria* were more prevalent in samples obtained from MS20 subjects than in those obtained from HC40 subjects, while species belonging to *Bacteroidetes* and *Firmicutes* were less abundant in samples obtained from MS20 subjects than in those obtained from HC40 subjects. However, these differences in the representation of phyla were not statistically significant ([Fig 3](#pone.0137429.g003){ref-type="fig"}). A genus-level analysis revealed that, among the 10 major genera, species belonging to *Bacteroides*, *Faecalibacterium*, *Prevotella*, and *Anaerostipes* were less abundant in the gut microbiota of MS20 subjects than in that of HC40 subjects, while the *Bifidobacterium* and *Streptococcus* genera tended to be more abundant in the microbiota of MS20 subjects than in that of HC40 subjects ([Fig 4](#pone.0137429.g004){ref-type="fig"}).

![Bacterial composition at the phylum level in gut microbiota samples obtained from HC40 and MS20 subjects.\
For phylum-level assignment of 16S reads (16S rRNA gene V1-V2 region) mapped to the known FL-16S sequences and unmapped OTUs (see [Results](#sec010){ref-type="sec"}), 70% sequence identity threshold was applied. The vertical axis represents the relative abundance of each phylum in the microbiota of HC40 (open bar) and MS20 (grey bar) subjects. Each box plot represents median, interquartile range, minimum, and maximum values.](pone.0137429.g003){#pone.0137429.g003}

![Bacterial composition at the genus level in gut microbiota samples obtained from HC40 and MS20 subjects.\
For genus-level assignment of 16S reads (16S rRNA gene V1-V2 region) mapped to the known FL-16S sequences and unmapped OTUs (see [Results](#sec010){ref-type="sec"}), 94% sequence identity threshold was applied. The vertical axis represents the relative abundance (%) of each genus in the microbiota of HC40 (open bar) and MS20 (grey bar) subjects. Error bars represent standard error of the mean. Asterisks indicate statistical significance determined by Welch's *t* test (\*P \< 0.05).](pone.0137429.g004){#pone.0137429.g004}

We compared the relative abundance of 130 clusters equivalent to species between samples obtained from HC40 and MS20 subjects ([S1 Fig](#pone.0137429.s001){ref-type="supplementary-material"}). From this species-level analysis, we detected 21 species that showed significant differences (*P* \< 0.05) in relative abundance between both groups ([Table 1](#pone.0137429.t001){ref-type="table"} and [S2 Fig](#pone.0137429.s002){ref-type="supplementary-material"}, and the detailare in [S5 Table](#pone.0137429.s007){ref-type="supplementary-material"}). Among them, 15 species defined as rclust exhibited ≥96% identity to known FL-16S sequences and 6 species defined as unmap_OTUs were obtained from the clustering of unmapped reads exhibiting \<96% identity to known FL-16S sequences. Two species were more abundant and 19 were less abundant in the microbiota of MS20 subjects than in that of HC40 subjects. The 16S-based taxonomic assignment of the 21 species revealed that 4 species were assigned to the phylum *Bacteroidetes*, 1 was assigned to *Actinobacteria*, 1 was assigned to *Proteobacteria*, and 15 were assigned to *Firmicutes*. To determine the detailed taxonomic position of the 14 species assigned to the clostridial clade among 15 *Firmicutes* species, a phylogenetic tree was constructed based on the 16S rRNA gene V1-V2 region sequences of the 14 species and those of additional known species, including 17 clostridial strains that were shown to induce Tregs in the colon \[[@pone.0137429.ref013]\]. As shown in [Fig 5](#pone.0137429.g005){ref-type="fig"}, 12 species were located in *Clostridia* cluster XIVa and 2 were located in *Clostridia* cluster IV, all of which were less abundant in the microbiota of MS20 subjects. Interestingly, none of these 14 clostridial species was phylogenetically close to the 17 chloroform-resistant, spore-forming, Treg-inducing clostridial strains ([Fig 5](#pone.0137429.g005){ref-type="fig"}). The phylogenetic distinction between these two clostridial subsets was also confirmed by the fact that the sequence similarity of the 16S rRNA gene V1-V2 region in pairs between the 14 clostridial species and the 17 Treg-inducing species described by Atarashi \[[@pone.0137429.ref013]\] was ≤95% ([S6 Table](#pone.0137429.s008){ref-type="supplementary-material"}). Five other less abundant species in MS20 samples were classified into three genera: *Bacteroides* (*B*. *stercoris*, *B*. *coprocola*, and *B*. *coprophilus*), *Prevotella* (*P*. *copri*), and *Sutterella* (*S*. *wadsworthensis*).

10.1371/journal.pone.0137429.t001

###### The 21 species exhibiting significant increases or decreases in abundance between HC40 and MS20 samples.

![](pone.0137429.t001){#pone.0137429.t001g}

  Cluster                                            Best hit species                        Identity (%)   [\*\*](#t001fn002){ref-type="table-fn"}Log10 (MS/HC)   *P*-value
  -------------------------------------------------- --------------------------------------- -------------- ------------------------------------------------------ -----------
  rclust00410                                        Eggerthella lenta                       100            0.45                                                   0.03989
  rclust00054                                        Streptococcus thermophiles/salivarius   100.0/99.7     0.44                                                   0.01652
  rclust00397                                        Faecalibacterium prausnitzii            99             -0.23                                                  0.04167
  rclust00107                                        Anaerostipes hadrus                     100            -0.36                                                  0.03991
  rclust00240                                        Eubacterium rectale ATCC 33656          100            -0.43                                                  0.02201
  unmap_OTU00057                                     Clostridium sp.                         93.8           -0.46                                                  0.00553
  rclust00231                                        butyrate-producing bacterium SL7/1      99.4           -0.5                                                   0.04398
  unmap_OTU00078                                     Clostridium sp. RT8                     94.7           -0.63                                                  0.00183
  rclust00019                                        Bacteroides stercoris                   100            -0.66                                                  0.01038
  rclust00024                                        Bacteroides coprocola                   99.4           -0.82                                                  0.0342
  rclust00489[\*](#t001fn001){ref-type="table-fn"}   Lactobacillus rogosae                   96             -0.82                                                  0.00098
  Lachnospira pectinoschiza                          94.5                                                                                                          
  rclust00715[\*](#t001fn001){ref-type="table-fn"}   Roseburia sp.1120                       99.4           -0.83                                                  0.00359
  Clostridiaceae bacterium SH032                     85.4                                                                                                          
  rclust00226                                        Sutterella wadsworthensis 2_1\_59BFAA   100            -0.86                                                  0.02023
  unmap_OTU00273                                     Clostridium sp. ID5                     92.6           -0.92                                                  0.04574
  rclust00268                                        Bacteroides coprophilus                 100            -1.07                                                  0.03034
  unmap_OTU00005                                     Clostridium sp. RT8                     94.4           -1.08                                                  0.00001
  rclust00467                                        butyrate-producing bacterium A2-175     99.7           -1.11                                                  0.00021
  unmap_OTU00644                                     Desulfotomaculum sp. CYP1               92.9           -1.11                                                  0.00161
  unmap_OTU00151                                     Clostridium sp. RT8                     92.6           -1.15                                                  0.00237
  rclust00255                                        Prevotella copri DSM 18205              99.1           -1.43                                                  0.029
  rclust00125                                        Megamonas funiformis YIT 11815          99.1           -1.77                                                  0.00648

\*Species with the secondly highest similarity are also indicated for rclust00489 and rclust00715 (see text).

\*\*Read number = 1 was assumed for ND (not detected) for calculation of MS/HC.

![Phylogenetic tree of 14 clostridial species exhibiting significant differences among groups and several known species.\
The neighbor-joining method was used to construct the phylogenetic tree. Numbers at each node indicate the bootstrap support (1,000 replicates). Those written in red letters are 14 clostridial species having a significant difference in relative abundance between HC40 and MS20 samples. Treg-inducing strains are indicated by "St" and are written in blue letters \[[@pone.0137429.ref013]\].](pone.0137429.g005){#pone.0137429.g005}

Two species exhibiting a significant increase in abundance in samples obtained from MS20 subjects were identified and assigned to *Streptococcus thermophilus* and *Eggerthella lenta*, according to their highest sequence similarity to known species. In this taxonomic assignment, rclust00054, which was assigned to *S*. *thermophilus* with 100% identity, also had 99.7% identity with *S*. *salivarius*, suggesting that rclust00054 might consist of these two species that are indistinguishable by the analysis based on the 16S sequence ([Table 1](#pone.0137429.t001){ref-type="table"} and [S5 Table](#pone.0137429.s007){ref-type="supplementary-material"}). The species closest to rclust00231 and rclust00467 were the genus-undefined butyrate-producing bacteria with \>99% identity; however, these two species also shared 97.9% and 95.2% identity with *Coprococcus comes* ATCC 27758 (accession number: NZ_ABVR00000000) and *Coprococcus catus* (accession number: S001014091), respectively, indicating that these two species can be assigned to the genus *Coprococcus* ([Table 1](#pone.0137429.t001){ref-type="table"} and [S5 Table](#pone.0137429.s007){ref-type="supplementary-material"}). A cluster rclust00715 shared the highest similarity with *Roseburia* sp. 1120 (accession number: S003610183; 99.4% identity). However, the 16S sequence similarity analysis revealed that *Roseburia* sp. 1120 was phylogenetically distinct from other known *Roseburia* species such as *R*. *faecis*, *R*. *intestinalis*, and *R*. *hominis* ([S7 Table](#pone.0137429.s009){ref-type="supplementary-material"}), indicating that *Roseburia* sp. 1120 may not be a member of the genus *Roseburia*. Since the species sharing the second-highest similarity with rclust00715 was *Clostridiaceae* bacterium SH032 (accession number: S000994782; 85.4% identity), rclust00715 can be assigned to the yet-undefined genus in *Clostridia* cluster XIVa ([Table 1](#pone.0137429.t001){ref-type="table"} and [Fig 5](#pone.0137429.g005){ref-type="fig"}). In addition, rclust00489 shared the highest similarity with *Lactobacillus rogosae* (accession number: S001873784; 96.0% identity). However, the 16S sequence similarity analysis revealed that *L*. *rogosae* shared as low as 75\~80% sequence similarity with the other *Lactobacillus* species ([S8 Table](#pone.0137429.s010){ref-type="supplementary-material"}), indicating that *L*. *rogosae* has a phylogeny distinct from that of other *Lactobacillus* species and may therefore not belong to the genus *Lactobacillus*. This is in agreement with the recent description \[[@pone.0137429.ref018]\], and the present analysis showed that rclust00489 shared the highest similarity of 94.5% with *Lachnospira pectinoschiza*, located in *Clostridia* cluster XIVa ([Table 1](#pone.0137429.t001){ref-type="table"}, [Fig 5](#pone.0137429.g005){ref-type="fig"}). As expected, all of the 6 unmap_OTUs exhibiting a significant difference in relative abundance between the HC40 and MS 20 samples could not be assigned to known species at the species and genus levels; however, the phylogenetic tree suggested that all of them belong to *Clostridia* cluster XIVa ([Fig 5](#pone.0137429.g005){ref-type="fig"}).

To validate the significant differences in the abundance of the 21 species identified in the gut microbiota of patients with MS, we further analyzed their longitudinal fold-changes in relative abundance between MS20 and HC18 subjects, whose fecal samples were collected at 9 different time points at 2-week intervals, as previously described \[[@pone.0137429.ref015]\]. The results are shown in [Fig 6](#pone.0137429.g006){ref-type="fig"} and indicate that the log-transformed fold-change in relative abundance for the two species that were more abundant in MS20 samples was \>0 for most longitudinal HC18 samples. Similarly, the log-transformed fold-change in relative abundance for 19 less abundant species in MS20 samples was \<0 for most longitudinal HC18 samples. Thus, the 21 species exhibited differences between MS20 samples and most of the longitudinal HC18 samples similar to those observed for the comparison with HC40 samples ([Fig 6](#pone.0137429.g006){ref-type="fig"}). These data confirmed the results obtained from the comparison between MS20 and HC40 samples.

![Fold-change in the abundance of 21 species using longitudinal HC18 samples.\
The vertical axis indicates the log value of fold-change in the abundance of 22 species for the comparison between MS20 and HC18 (nine longitudinal samples per individual) samples. Open and closed circles indicate log values of fold-change \> 0 (increased in MS) and \< 0 (decreased in MS), respectively. The average fold-change in the abundance of each species for the comparison between MS20 and HC40 samples was connected by a line.](pone.0137429.g006){#pone.0137429.g006}

Discussion {#sec013}
==========

The gut microbiota of Japanese patients with RR MS showed high similarity in terms of species richness with healthy controls ([Fig 1](#pone.0137429.g001){ref-type="fig"}). This feature is in contrast to that observed in the gut microbiota of patients with inflammatory bowel disease (IBD), which is characterized by significantly lower species richness than that observed in healthy controls \[[@pone.0137429.ref019],[@pone.0137429.ref020]\]. However, UniFrac analysis revealed a significant difference (*P* \< 0.05) in the overall gut microbiota structure between patients with MS and healthy controls ([Fig 2](#pone.0137429.g002){ref-type="fig"}). The gut microbiota of patients with MS showed higher inter-individual variability than did that of healthy controls, while patients with IBD shared high structural similarity in gut microbiota among them \[[@pone.0137429.ref021]--[@pone.0137429.ref023]\]. Taken together, these results suggest that the gut microbiota in patients with RR MS is characterized by moderate dysbiosis, highlighting a distinction in the composition of the gut microbiota between MS and IBD.

We identified 21 species that exhibited significant changes in relative abundance between patients (MS20) and controls (HC40), which were further validated in longitudinal samples of another healthy group (HC18). Therefore, the observed differences in abundance of the 21 species were not temporary but rather constant over time in the gut microbiota of patients with MS, suggesting that alterations in the proportion of these species would characterize the gut microbiota in Japanese patients with MS.

Among the 21 species, a depletion of 19 species was striking in MS samples, and fourteen of them belonged to *Clostridia* clusters XIVa and IV ([Fig 5](#pone.0137429.g005){ref-type="fig"}), in which the proportions of *Faecalibacterium prausnitzii* and *Eubacterium rectale* were reduced in fecal and mucosa-associated microbiota in patients with IBD and were associated with a higher risk of postoperative recurrence of ileal Crohn's disease \[[@pone.0137429.ref024]--[@pone.0137429.ref026]\]. *Clostridia* clusters XIVa and IV are formed by highly diverse bacterial species, many of which are characterized by the ability to produce short chain fatty acids \[[@pone.0137429.ref011], [@pone.0137429.ref013], [@pone.0137429.ref024]\]. In particular, butyrate is implicated in colonic epithelium homeostasis, stimulation of anti-inflammatory responses for IBD \[[@pone.0137429.ref025], [@pone.0137429.ref026]\], and the induction of colonic Tregs \[[@pone.0137429.ref027]--[@pone.0137429.ref029]\]. Accordingly, it is conceivable that a depletion of a large subset of clostridial butyrate producers is associated with MS pathogenesis. In addition, a lack of overlap between the 14 clostridial species and the 17 Treg-inducing clostridial strains described by Atarashi, many of which are significantly reduced in samples obtained from patients with IBD \[[@pone.0137429.ref013]\], suggests that species from *Clostridia* clusters XIVa and IV that are associated with MS might be distinct from those associated with IBD.

The present study also found a reduction in the proportion of several *Bacteroides* including *B*. *stercoris*, *B*. *coprocola*, and *B*. *coprophilus* in the gut microbiota of patients with MS. Similarly, reduced abundance of several *Bacteroides* species was observed in fecal and mucosa-associated microbiota in patients with IBD \[[@pone.0137429.ref021], [@pone.0137429.ref030]\]. In contrast, positive correlations between *Bacteroides* and systemic inflammations were also demonstrated \[[@pone.0137429.ref031], [@pone.0137429.ref032]\]. Our data also suggested a negative correlation of *Prevotella copri* with the pathogenesis of MS, while the increased abundance of this bacterium was associated with the pathogenesis of rheumatoid arthritis, a prevalent systemic autoimmune disease \[[@pone.0137429.ref033]\]. The significant decrease in *Sutterella wadsworthensis* in MS is unlikely linked to IBD \[[@pone.0137429.ref034]\], but it was less frequently detected in ileal and cecal biopsy samples from children with gastrointestinal dysfunction than in those from children with both autism and gastrointestinal dysfunction \[[@pone.0137429.ref035]\]. As mentioned above, the structural and species-level alterations in the gut microbiota associated with MS in Japanese patients were not always similar to those observed in the gut microbiota of patients with other inflammatory diseases. This discrepancy may be simply due to the difference in microbe-associated immune states between MS and other diseases. Alternatively, the observed alterations might be specific for Japanese patients, similar to the geographical or population-level variations suggested for the gut microbiota of patients with Type 2 diabetes and IBD \[[@pone.0137429.ref036], [@pone.0137429.ref037]\]. Even though available information is too limited at present, we do not exclude a possibility that gut microbiota may influence on the neurodegenerative processes in MS. Further experiments using gnotobiote mice colonized by these species may help to understand whether the alterations in specific species in MS are primary or secondary to MS pathogenesis.

Farrokhi *et al*. recently reported a significantly lower level of the lipodipeptide Lipid 654, which is produced by a variety of intestinal *Bacteroidetes* species, in the serum of patients with MS than in that of healthy controls and suggested this lipid to be a useful biomarker to evaluate MS activity \[[@pone.0137429.ref038], [@pone.0137429.ref039]\]. This reduced level of Lipid 654 may be linked to the reduced relative abundance of species belonging to the *Bacteroidetes* phylum including the genera *Bacteroides* and *Prevotella* in patients with MS (Figs [3](#pone.0137429.g003){ref-type="fig"} and [4](#pone.0137429.g004){ref-type="fig"}).

We did not find any significant correlation between the differences in microbial species and additional factors such as age, gender, disease duration, relapse frequency, medical treatment, and distribution of disease sites. Further studies using an increased number of MS patients will be necessary to exactly elucidate the contribution of these factors.

This may be the first report demonstrating dysbiosis of the gut microbiota in patients with MS. Our findings will facilitate the development of a novel preventive and therapeutic strategy for MS by controlling intestinal microbiota.
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